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INTRODUCTION
Unsteady methods, as a step towards realistic flow and performance modeling, are becoming increasingly important in turbomachinery design and optimization. Concerning centrifugal compressor stages, the effects of unsteadiness on the flow parameters must be taken into account, particularly at off-design conditions. For example, the prediction of a multi-stage compressor at near-stall conditions is strongly dependent on unsteady phenomena.
Understanding unsteady flow phenomena in compressor stages often requires the use of timeaccurate CFD simulations and can be computationally expensive. However, some methods for modelling the transient flow in turbomachinery stages which require a minimal number of blade passages per row, have been implemented in commercial CFD solvers, reducing computational time and memory resources. With these methods, unsteady flow solution can be obtained by transient solution techniques applied in the time domain or by harmonic solution techniques applied in the frequency domain.
Several researchers have made significant contributions to model the unsteady blade row interaction with reduced computational domains using these methods. Recently, DeMore et al. (2014) investigated the Time Transformation (TT) method for a range of configurations to predict the rotating stall. They compared the results from each configuration to steady and transient results on the same mesh. They demonstrated that the TT method is a useful indicator of premature stall in the compressor. Robinson et al. (2012) studied impeller-diffuser interaction in centrifugal compressors used in turbochargers and refrigeration compressors equipped with a vaned diffuser. In their work, they used the TT method which leads to the reduction of the computational effort by a factor of 5.5 compared to a full annulus simulation using the Transient Rotor-Stator (TRS) method.
Blumenthal, Hutchinson and Zori (2011) investigated transient CFD methods and applied them to a transonic compressor stage at design point. They performed steady and transient CFD simulations of the NASA Rotor35/Stator 37 stage and compared with each other, and with measurement data. Their study showed the efficiency of the TT method in terms of computation costs and accuracy. Ramakrishnan et al. (2011) presented unsteady CFD results on a compressor stage equipped with a vaned diffuser. In this paper, the authors identified the aerodynamic modes in the radial gap between the impeller and the vaned diffuser only through numerical simulations, according to the Tyler-Sofrin theory (1961) . In their study, it is important to note that the impeller secondary flow cavities are not present in the 3D model.
In the same topic of the previous work, Clancy et al. (2014) extended the CFD study to include the disk and shroud cavities. They showed the effect of the cavities on the modal forcing on the impeller cavity side walls. Thus, they concluded that the modal force contribution due to the acoustic activity in the cavities far outweighs the contribution from the primary flow path, highlighting further the need to include cavities to predict impeller forcing on a low pressure ratio centrifugal stage.
The centrifugal compressor stage in the present paper consists also of a shrouded impeller and a radial diffuser with vanes as well as a downstream return channel also equipped with guide vanes. There are unequal numbers of blades and vanes in each row. Secondary flow cavities are present on both sides of the impeller. On the shroud side, there is a leakage flow from the impeller trailing edge to the impeller leading edge. On the hub side, the rotating cavity is fed by the downstream return channel exit flow and the leakage flow direction depends on the stage operating point (design flow versus choke flow). Both cavities are included in the CFD model.
The stage is equipped with a vaned diffuser since it brings benefits in terms of performance (efficiency) and stability at low flow (diffuser stall on-set). On the other end, a row of vanes placed behind an impeller generates additional disturbances. The underlying impeller/diffuser unsteady aerodynamic interactions lead to an increased forcing compared to a stage with a vaneless diffuser. Consequently, it is important to assess the risk of impeller high cycle fatigue failure during the stage development. In this work, the capability of unsteady CFD to predict unsteady forcing on the impeller is evaluated.
The scope of the paper is to present the computational fluid dynamics transient flow simulations of the stage at design point and at off design conditions. In particular, significant increase in pressure perturbations and impeller trailing edge forcing is observed when operating the stage close to choke flow at design speed. It is also the case when operating at higher tip speed. The cavities are included in the CFD model for several reasons. First the leakage flows and the windage effects are important to predict the absolute performance level of the stage (efficiency). Secondly the cavities also play an important role in the generation of the aerodynamic forcing on the impeller (in scope) as well as in the prediction of the aerodynamic damping (out of scope).
The TT method, an extension of the Time Inclining method is used in this work. The ability of the method to predict the impeller/diffuser interactions and cavity unsteady pressure response at design point and at off design condition is discussed. The respective contributions of the diffuser, impeller blade passages and side cavities in terms of impeller forcing amplitude and frequency content are studied.
STAGE CONFIGURATION
The meridional cross-section of the tested centrifugal compressor stage configuration is illustrated in Figure 1a . The centrifugal compressor stage contains a rotating shrouded impeller with main blades and splitter blades and a radial vaned diffuser. The upstream and downstream return channels are equipped with identical guide vanes. There are unequal numbers of impeller blades, diffuser vanes and return channel guide vanes. Secondary flow cavities are present on both sides of the impeller. On the shroud side, there is a leakage flow from the impeller trailing edge to the impeller leading edge. On the hub side, the rotating cavity is fed by the downstream return channel exit flow and the leakage flow direction depends on the stage operating point (design flow versus choke flow).
Instrumentation
The stage was tested in a model test rotating rig. It is equipped with steady state aerodynamic instrumentation to measure mass flow, total pressure and temperature at suitable locations and to monitor the operating point and to break down the aerodynamic performance of the stage components (impeller, diffuser, return channel). To detect aerodynamic modes (Tyler-Sofrin) , the stage was also equipped with an array of unsteady pressure sensors positioned at constant radius in the diffuser inlet. . The unsteady pressure sensors are spread around the circumference of the diffuser in multiple vane passages. The sensors relevant to the present study are in front of the diffuser vane leading edges as illustrated in Figure 1b . Figure 
NUMERICAL MODELLING
In this paper, 3D numerical simulations were carried out using the commercial CFD code ANSYS CFX release 17. The flow solver is a coupled pressure-based solver. It employs a fully implicit solution strategy. The focus of this work is transient CFD simulations. However, steady calculations were also performed to predict the overall performance and to initialize the unsteady calculations. The steady method uses a mixing plane (MP) type of approach called a "Stage Interface" where momentum and energy are conserved across the interface, but entropy increases as DeMore et al. (2014) , the number of blades included in the simulation has a significant effect on both the predicted stall inception mass flow rate and the number of stall cells. The Unsteady flow in the considered centrifugal compressor stage was modelled using the TT method based on the time inclining work of Giles (1987 Giles ( , 1990 . A pitchwise time transformation is performed to ensure that the boundary is periodic in the transformed time coordinate. Due to the implicit solution of the flow equations, the TT method, only applicable to compressible flows, generally requires less computational effort relative to the TRS method. In TRS method, the true change in relative position of the rotor and stator are accounted for in a fully implicit interface discretization. Thus, full wheel or the smallest possible circumferential sector with an integer number of blades, according to the pitch ratio, must be modeled with standard periodicity applied to the blade ensemble (unity ensemble pitch ratio between rotor and stator rows). 
Mesh
The entire geometry features, including cavities, were taken into account in the meshing procedure. Structured hexahedral elements were used to generate the mesh in the basic periodic fluid domain. Particular attention was devoted to the mesh resolution in the boundary layers in the blade passages and in the rotating cavities. The dimensionless wall distance y+ stands in the range [1 -8] . Thus, 15 million cells were generated for one impeller periodic sector (one main blade passage and one splitter blade passage) and 635,000 cells for one diffuser vane passage. Figure 2 shows a meridional view of the impeller blade passage as well as connections with the hub and shroud cavities. Simplifications were made to the cavity-to-diffuser transition walls to mitigate cell distortions. The hub and shroud wall spline curves have been broken down into three linear portions. This is an area of improvements and future work (mesh topology).
CFD Monitor Points
In order to characterize the unsteady flow behavior in the diffuser, a number of wall monitor points were inserted into the fluid domain at strategic locations. The monitor point names and locations are described in Table 1 and illustrated with circles in Figure 1 . 
Numerical Simulation Setup
The steady state calculations were run on the mesh shown in Figure 2 . Total pressure and mass flow boundary conditions are applied at the inlet and the outlet domain respectively. A uniform yaw flow angle profile of -1.6 degrees is imposed at the inlet of the impeller domain. The Shear-Stress Transport model was used for the turbulence modelling and the gas model is ideal (perfect gas).
The second step of the simulation procedure was focused on the unsteady calculations. The steady state total pressure and temperature profiles are imposed at the inlet, and the steady state solution static pressure profile at the outlet. One impeller periodic sector (2 blade passages) and two diffuser vane passages were included in the CFD domain along with rotational periodic boundary conditions. The complete domain used for the transient simulations (TT method) is shown in Figure  1 . This mesh configuration leads to an ensemble pitch ratio of 1.2 which falls within the range required by the TT method described by the following inequality (ANSYS, Inc., 2016):
The physical time-step corresponds to 18 time-steps per diffuser vane passage and 30 time-steps per impeller periodic sector. A previous comparison between different time-step sizes and the influence on the unsteady calculation results showed that this time-step is small enough to capture the flow unsteadiness and interactions. It constitutes a good compromise between the simulation accuracy, the solver stability and the computation costs. In order to speed up the equations convergence, the steady state results were used to initialize the unsteady simulations. Figure 3 shows the time history of the static pressure recorded at the monitor 21A1 located in the diffuser domain on the shroud wall (cf. Monitor Points section). The left part of the figure corresponds to the signal obtained at the design point flow and the right one corresponds to the choke flow. The time window represents 15 fundamental time periods in the fixed frame. In order to reach time periodicity, a total of 48 time periods was simulated for the design flow and the choke. While the periodicity is perfectly achieved at design point, it is not quite the case at the high flow condition due the complexity of the flow in the impeller (transonic flow) and in the vaned diffuser (flow separation). For the high flow case, the unsteady RANS simulation should be restarted for additional periods to determine if the time periodicity can be improved. 
RESULTS AND DISCUSSION

Overall Performance of the Centrifugal Compressor Stage
The numerical simulations (steady and unsteady) were performed at the design point and also at high flow conditions on the same iso-speed. Figure 4 summarizes the impeller performance in terms of flow coefficient and work coefficient based on the time averaged flow solution at the end of the unsteady simulation. The flow coefficient is based on the impeller inlet volume flow. The flow coefficients derived from the time averaged unsteady CFD solutions do not match exactly the measured mass flows as the mass flow fluctuates over one impeller revolution, due to the inherent unsteady flow behavior in the impeller/diffuser radial gap. Experimentally, the work coefficient is derived from the stage inlet and exit total pressure measurements (real enthalpy rise normalized by impeller tip speed squared). The CFD work coefficients are computed from the time-averaged and mass-averaged total temperatures at impeller inlet and diffuser exit. As expected, the experimental data show a linear trend up to 120% of design flow coefficient, beyond which the impeller flow is gradually choked. At design point (100% flow), the time averaged solution is delivering very slightly lower flow. The predicted work coefficient is on the experimental linear trend with an overprediction below 2%. At high flow, the time averaged unsteady CFD solution corresponds to a flow coefficient of 139% for an experiment test point at 135% (of design flow coefficient).
Diffuser Shroud Wall Static Pressure Circumferential Variations
The instantaneous pressure fields at mid-span of the impeller blades are illustrated in Figure 5 . The comparison is made between the design point and the off-design flows obtained by the unsteady TT method. At design point flow, the pressure gradient is more homogenous and more regular. Particular differences can be observed at the trailing edges of the main and splitter blades. This observation is highlighted by the azimuthal static pressure variation present in the same figure. Figure 6 shows the angular variation of the wall static pressure obtained at the diffuser inlet zone across one vane pitch. Time-averaged transient values are compared with the steady state static pressure measurements at design and off-design flows. There is a good comparison between CFD and measurements, particularly at the maximum value of the static pressure, where the angular position is well predicted by the CFD results at mid-pitch. As expected, the time-averaged transient results correlate better with the experiments at the design point than at the high flow condition (offdesign). The TT method describes the time-averaged flow behavior generated by the strong interactions between the rotating impeller blades and the vaned diffuser in this zone. 
Spectral Analysis of Wall Pressure Fluctuations
An assessment of the impeller trailing edge unsteady aerodynamic forcing is made by studying the measured and predicted unsteady pressure perturbations in the radial gap between the impeller trailing edge and the diffuser vane leading edges. Precise knowledge of the aerodynamic excitation frequencies generated by the vaned diffuser in the impeller rotating frame feeds into an interference or Campbell diagram to determine if the impeller is exposed to resonant vibratory response in one or more natural modes.
This work focuses on the unsteady pressure fluctuations on the shroud diffuser wall sensors located in front of the diffuser vane leading edge, as per Figure 1 . In the stationary frame, the relevant time harmonics are dictated by the impeller blade passage periodicity and the circumferential distribution of the impeller exit flow as a function of operating condition (design flow versus off-design flow). Since the impeller periodic sector is composed of one main blade and one splitter blade, the main blades and splitter blades lead to the same fundamental passing frequency in the fixed frame, later referred as the main blade passing frequency (MBPF). Looking again at the impeller exit circumferential flow distributions shown in Figure 5 , multiple of the MBPF can also be expected in the high flow condition. Indeed, multiple spatial wave lengths are present in the static pressure variation across the impeller periodic sector ( Figure 5 ).
The results of the time Fourier decomposition of the measured and predicted pressure fluctuations are presented in Table 2 , for the stage design point as well as the high flow condition. For a given sensor represented in Figure 1 , the amplitudes of the pressure perturbations for the first, second, third and fourth harmonics of the MBPF are represented in individual bar graphs. Each graph contains two sets of bars. The three blue bars are, from left to right, the min, averaged and Diffuser vane LE max Fourier coefficient amplitudes calculated from the measured pressure fluctuations, over all diffuser vane passages equipped with a piezoelectric pressure sensor at the same pitch-wise position. The variations in amplitude from one passage to another can be explained by the fact that the unsteady pressure field is the superposition of more than one aerodynamic mode propagating at the same time harmonics in the stator frame. The red bars are the Fourier coefficient amplitudes calculated from the time histories of the corresponding 2 CFD monitor points, over the 2 diffuser vanes passage included in the unsteady CFD model at the physical sensor positions 21A1 and A2 shown in Figure 1 . The Discrete Fourier transform is applied on the CFD monitoring point time histories over the last impeller full revolution i.e. several time periods in the fixed frame. In all graphs, the pressure perturbation amplitudes are normalized to the stage inlet total pressure and are expressed in percentage value.
At design flow, the diffuser vane leading edge unsteady pressure field is dominated by the 2nd MBPF, with amplitudes from 0.5% to 0.8% of inlet total pressure (test data). The other time harmonics are one order of magnitude lower in amplitude. The CFD results match well the averaged measured amplitudes for the 1st, 2nd and 4th time harmonics. The design intent is to have similar loading on the main blade and splitter blade. Indeed, Figure 5 shows almost identical flow distributions across the splitter and blade passages at impeller exit. So all impeller blade passages are seen as identical by the diffuser and by an observer in the fixed frame.
At high flow, the impeller splitter blades are more loaded than the main blades. Indeed, Figure 5 shows an unbalance in the flow distribution across the two blade passages of the periodic sector. This is also confirmed by the pressure fluctuations in front of the vane leading edges (Table 2 ). In the test data and the unsteady CFD simulation, the 1st MBPF dominates over the 2nd MBPF. The amplitudes are respectively 1.2% and about 0.5% of stage inlet total pressure (test data averaged over all diffuser vanes). So the level of pressure fluctuations has doubled compared to the design flow, and so does the impeller forcing. The 3rd and 4th MBPF amplitudes are also larger than at the design flow (2x). The unsteady CFD simulation is capturing quantitatively very well the dominant time harmonics (1st MBPF) and qualitatively well the ratios in amplitude with the 2nd, 3rd and 4th time harmonics of the impeller. 
CONCLUSIONS
The ANSYS CFX Time Transformation Method has been exercised on a centrifugal compressor stage equipped with a vaned diffuser and tested on a rotating rig at the design point and at offdesign conditions. The steady state and unsteady pressure instrumentation installed in the diffuser is instrumental to consolidate physical understanding of the unsteady flow in the radial gap, and to validate the steady state and unsteady CFD predictions.
At the stage design point, the time averaged CFD solution shows that the impeller main blade and splitter passage deliver the same flow. For an observer or sensor in the diffuser, the unsteady flow perturbations propagate in the fixed frame at a blade passing frequency multiple of the total number of impeller blades. The unsteady pressure signals, recorded in the diffuser tested in the rig and in the CFD model, supports this interpretation. The Fourier transformed unsteady pressure perturbations are dominated by the 2nd harmonics of the impeller main blade passing frequency (MBPF). Their amplitudes are from 0.5% to 0.8% of inlet total pressure from test data and 0.5% from the unsteady CFD simulations.
When the stage operates at high flow, that is in off-design condition, the impeller blade passages see an increased loading. The diffuser vanes are subjected to high incidence and large flow separation. From a CFD perspective, the challenges are flow complexity, time periodicity and time accuracy. From an engineering perspective, this is a condition in which pressure fluctuations increase in the impeller/diffuser radial gap and therefore the impeller forcing, relative to the design point. The test data and unsteady CFD also show that the 1 st MBPF is stronger than the 2 nd MBPF, with an amplitude between 1.0 and 1.4% of inlet total pressure. The ANSYS CFX time transformation method is capturing the peak amplitude and the associated time harmonics.
The combined experimental and CFD approach has been instrumental to understand the unsteady flow interaction in the impeller/diffuser radial gap. This work is also very encouraging in terms of unsteady CFD assisted aeromechanical prediction.
